Abstract. The features and interdependences between environment and economics, connected to the construction of asphalt road pavements, can be evaluated by a wide diversity of decisionsupport tools. The characteristics of these tools and the complementary informative system provide complex assessments. Their final purpose is to ensure an optimum sustainable constructive solution. The present paper aims, along a comparative analysis, to evaluate the environmental and economic impact resulted from the construction of road pavements with asphalt mixtures that integrate different percentages of RAP. The objective was to highlight the characteristics, benefits and limitations of these procedures and conclude on their usage and viability. The evaluation was performed according to LCA and LCC methodology and facilitated by asPECT computer software. Performing this study was intended to facilitate the researchers and practitioners analytical choice and to offer a personal overview on the topic.
Introduction
The present paper has the objective to evaluate, along a comparative perspective, specific to three European countries, the ecologic and economic impact resulted from the usage of flexible asphalt pavements integrating different percentages of Reclaimed Asphalt Pavement (RAP). The analysis was performed based on two corresponding methodologies namely: Life Cycle Assessment (LCA) and Life Cycle Cost Assessment (LCCA). In order to complete the evaluation information obtained during two different post-doctoral research mobility stages at Technical University of Vienna and Universidad Politecnico de Madrid has been used. The feedback received from the host entities facilitated the comparative evaluation based on LCA and LCC methodologies, thus offering a complex overview on the topic of environmental and economic interdependences. In order to address the complexity of current project works and the newly sustainability issues, the research institutes have looked for a solution that can offer an extended overview on the topics. By considering and analyzing separately the sustainability components in correlation to the construction ones, this solution can improve time viability of the analysis and provide the best alternatives on the matter. The solution has been offered by the group of Life Cycle methodologies, either assessing ecologic, economic or social components particularized on domains. A statistical study, conducted in several institutes showed an increased interest and acceptability for this methodology, in the last years, even more due to the fact that the users have strongly interconnected the theoretical component to the computer science side, creating a wide diversity of software. Their purpose is to facilitate the research work and allow complex evaluations. For the present paper the best suiting software was considered to be asPECT, a program developed by the researchers from Transport Research Laboratory (TRL), England, particularized on performing LCA on asphalt pavements. This software provides information on the environmental impact, expressed as kg equivalent CO 2 emissions, resulted during the process of construction of flexible asphalt pavements. In order to provide a solution to the environmental impact issue, for the analysis several road pavement construction alternatives have been considered, extended from traditional asphalt pavement compositions to new compositions that integrate different percentages of RAP.
The results were observed from a comparative perspective for different countries, different types of flexible asphalt pavements and different percentages of RAP integrated into traditional mixture compositions. The results, approached from the environmental and economic perspective, highlighting the potential improvements for different countries, different types of flexible asphalt pavements and different percentages of RAP integrated into traditional mixture compositions. Next to the assessment of environmental impact, the evaluation the economic perspective has been considered, due to the interdependences between these two and the importance of cost component for every sector. Finally, the economic features have been evaluated based on the principles of LCC methodology, applied to the particular case of flexible asphalt pavements.
Life cycle perspective on Reclaimed Asphalt Pavement (RAP)
Recycling of used materials associated with the concept of product system is increasing as importance. LCA methodology evaluates the complex process of recycling in the marketplace [5] . This way, practitioners can envisage different scenarios for a product's end of life treatment, like reuse, recycling, incineration or land filling. The objective is to design products that can be highly recycled in order to reduce the future ecologic burden and lower the production costs. The road construction sector puts a lot of effort into enabling the recyclability of used materials and reducing the environmental impact associated with the product systems life cycle. Due to an important increase in the number of lane-km of paved road in all the states, 94% of those using asphalt mixture, constructing and maintaining the network had implicitly economic and environmental consequences [10] . Transportation agencies in cooperation with researchers in the area have worked out on finding the way to approach these problems. A solution was found in the materials recyclability process. Since 1970 a campaign of recycling the old asphalt material was started, known as RAP. Envisioning the benefits offered by this material, Mike Acott, former president of NAPA declared that "RAP is a treasure trove of pre-processed road building material". Due to the increase in the cost of asphalt, the scarcity of quality aggregates and the need to protect the environment, his opinion is shared by many and the use of RAP has become extensively favored over "virgin" materials [2, 15, 3] . RAP can be recycled and incorporated in different types of mixes like Hot Mix Asphalt (HMA), Warm Mix Asphalt (WMA) or Cold Mix Asphalt (CMA) or as aggregate in granular or stabilized base materials [4] together with "virgin" materials. The technological development in plants and equipments was the factor that made possible the increase of RAP usage in asphalt mixtures up to 50% or more [11] . Currently, the asphalt paving industry is a leader in the usage of recycled products, RAP being the most reused material in the world, with values nearly twice as big as the combined total of recycled paper, glass, aluminum and plastic [10] , the main user being USA. This attitude was influenced by the benefits resulted from preserving the natural environment, reducing wastes and providing cost effective materials [4] . Incorporating RAP into new asphalt mixtures starts with the asphalt mixture end of life. When a road pavement reaches the end of its service life, the materials can still maintain considerable value. During the process of asphalt pavement milling or demolition results a significant quantity of construction waste [19] . The extracted materials can be recycled, resulting RAP, or, and here can be mentioned the particular case of Romania, disposed in a landfill. Finding an alternative to landfill has economic and environmental benefits. These consist in avoiding fees charged to dump material and conserving the asphalt binders and aggregates. A factor which highly contributed to the extended usage of RAP and helped overcoming its limitations was the development in the equipments and techniques. As a result, the recycling and the creation of the new asphalt mixtures can be performed on site or at plant and can be specific to different types of flexible asphalt mixtures.
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Interdisciplinary Research in Engineering: Steps towards Breakthrough Innovation for Sustainable Development The production process of a recycled asphalt mixture consists of crushing, screening and mixing the RAP with "virgin" materials, binder or additives. The most important feature in the production is to ensure an adequate mixing between "virgin" materials and RAP, so that the final product performs as well as, or better than, the traditional one [14] . Almost all national transport agencies now allow the use of RAP and many are routinely using mixes with 20% to 25% RAP or more. Still, the percentage of RAP used in different states from the USA ranks to higher values of up to 70--80% (60% Florida, 70% Arkansas) [4] . Europe follows the same sustainable trend as the USA. The asphalt recyclability started more than 30 years ago so that, currently, more than 50 million tons of materials are being reused annually. For countries like United Kingdom 30%, Austria 20%, Spain 20%, the use of RAP is common practice. However, there are still several European countries where there is hardly any reuse of RAP. Many countries have inserted restrictions in their regulations regarding the usage of RAP in order to avoid durability problems. Other agencies have an aggressive approach by increasing the allowable percentage of RAP in order to fully exploit the technology. In search for a maximum exploitation of RAP benefits, a lot of studies with the objective of finding material replacements or additives that can increase the quality and performance of asphalt pavements using RAP have been implemented. An alternative to HMA has been considered the Warm Mix Asphalt (WMA) due to its advantages consisting in cutting down the amount of energy required, decrease in emissions and aging of asphalt binder during production and extending the pavement life. Due to lower temperature necessary for production and construction of WMA, RAP can be used in higher percentages. For a better performance of 100% RAP mixes, the studies have identified the need to use, along very low amounts of "virgin" materials, different additives. Tao and Mallick (2008) make reference to some examples of additives, which have already proven their feasibility, like Sasobit® and Advera®zeolite [13] . Due to these compounds the RAP mixes showed increased workability, higher moduli, and strengths [18] .
Assessment of Environmental Impact Associated with Asphalt Mixtures Integrating RAP
Approaching a process from the environmental impact point of view implies obtaining information on materials, products and processes, comparing the available alternatives and choosing the right strategy in order to reduce the value of emissions resulted. Particularizing the matter on road pavement construction, one of the impact features under evaluation must be computing the carbon footprint associated to the process, expressed as kg CO 2 e emissions [16] . In the present paper, in order to obtain reliable results, the evaluation was performed gradually based on LCA methodology and the "cradle to site" perspective. The approach was conditioned by the process complexity, standing for energy and materials consumption, exploited labor force, production activity, transportation and emissions during each phase of the product system life cycle [9] . The TRL product, asPECT computer software, proved to be extremely useful along the analysis process [1] .
The objective was to perform several comparisons related to different national approches of RAP integration in asphalt mixtures and to the environmental impact associated to the traditional versus recycled flexible asphalt mixture compositions. The evaluation has been performed in a "cradle to site" perspective, related to a road pavement structure consisting of three layers build with traditional and recycled materials. Previous studies evaluated the environmental impact using LCA methodology for all three layers (BA 16, BAD 25 and AB 2) and compared, from this point of view, the traditional and recycled asphalt mixture compositions [12] . In the present paper the assessment focuses more on the integration of different percentages of RAP into the asphalt mixture (20%, 40%, 60% and 75%) and their comparative overview. The analysis uses some of the input data previously considered in the study, like "virgin materials" production categories and rates or energy consumption associated to the process. The current study focuses on one asphalt layer, BA16, traditional and recycled asphalt compositions. Based on the analysing performed on the environmental impact of several asphalt mixture composition, that integrate RAP in different percentages, can be concluded on the sequential decrease of this impact, computed as kg CO 2 e emissions per ton of mixture. The mixtures under consideration integrate RAP in percentages of 20%, 40%, 60% and 75%. The annual production in plant was considered 375.000 tons per year, with a production rate of 199 t/h. Based on the compositions, the associated environmental impact has been evaluated, expressed as kg CO 2 e emissions per ton of asphalt mixture, using the principles of LCA methodology and asPECT computer software [1] . Since previous studies made refference on three, most common, asphalt mixtures used by the local road construction company, BA 16, BAD 25 and AB 2, the case study presented here under evaluation can be extended to the other types of asphalt mixtures, using a similar approach [12] . The results, obtained during the evaluation, have been introduced, in resume, in table 2 below. The objective of this analysis was to highlight the decrease of environmental impact as correspondence to the increase of RAP percentage. As it can be seen in the table, the impact is divided on several features. Of high interest are the values presented in the last column, that present, in numbers, the decrease of environmental impact correlated with the increase in the percentage of RAP included in the composition. The main component that sustains the usage of RAP is the decrease in the transportation sector from 20% to 75% by 60.5%. 16 -75% to BA 16. The present paper wishes to extend the previuos analysis by using the feedback obtained in two research mobility stages in different agencies from European Universities in Vienna and Madrid. Their focus was on the production process and usage of other asphalt mixtures categories that could integrate RAP in higher percentages and in the same time to comply with the technical features. The attention was capted by a comparison between Hot Mix Asphalt (HMA), Warm Mix Asphalt (WMA) and Cold Mix Asphalt (CMA) and the possibility to best recycle each of these types of asphalt mixtures [6] . According to statistical information offered by European Asphalt Pavement association (EAPA) related to the total production of HMA, WMA and CMA, the values of interest for the current evaluation have been identified [20] . These are presented in table 3, expressed in million tons for the time period 2006-2011 and table 4, time sequence 2009 -2011, expressed in tons. The information was limited to three countries of interest to the current paper, Austria, Spain and Romania, specifing also the European and world leader in production. It can be observed that generally, the world leader in the production of asphalt mixtures is the USA. This is mainly due to the large distances the government has to cover and the diversity of climatological areas to comply with. As it can be seen in table 4, Mexico is the main producer of CMA mainly because this suits best to the particularities of the country. As for Europe, Germany and France are mostly involved in the process. The data obtained during the researches performed in Spain and Austria brought into light a certain difference between the theoretical and practical approach of RAP integration into asphalt mixtures. The general conclusion was that both countries integrate RAP into currently used asphalt mixtures in a percentage of 10-20%. Contrary to Austria, in the last years Spain has experimented some road pavements with a higher percentage of RAP, reaching even 50%, with very good results untill now, as mentioned by professor Juan Gallego at the Technical University in Madrid. In Spain, the reasons for producing low quantities of asphalt pavements integrating RAP were considered to be the economic crisis, that generated decreases in all sectors, but also diminuishing of high quality natural resources. Austria does not confront the crisis as bad as Spain and they still have high quality "virgin" materials. In their case the government and ecologistic agencies implied as compulsory the use of RAP into asphalt mixtures. Once again the world leader is USA, which considers RAP the solution for material scarcity and costs reduction issues. In Europe, the countries approach the recyclability feature based on their financial disponibilities and available natural resources. Countries with reduced natural resources will try to find economic and eco-friendly alternatives.
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Economic Approach Associated with Asphalt Mixtures Integrating RAP
Every productive decision is strongly correlated to the economic component. The road construction sector doesn't make an exception to this rule. The approach of recyclability issue in the production sector implies identifying the associated advantages and disadvantages, necessary investments and future profits. In the current paper, the economic component has been evaluated based on LCC methodology towards identifying the sectors where savings corresponding to each methodological phase in a "cradle to site" perspective can be obtained. The main components that can bring economic savings are the energetic sources used along the entire process of production, from basic exploitation to site laying and compacting. For example, an important asphalt plant located in Madrid, Spain, area Arganda del Rey, which has daily production of 350 t/h, mentioned obtaining important saving due to the use of butane gas for the production process instead of fuel. This plant has also made improvements in technical equipments in order to produce asphalt mixtures that incorporate RAP. The following two tables show the cost savings obtained by different government agencies in USA due to the usage of RAP in the production of asphalt mixtures and associated material cost savings [17] . A general comparison between RAP and "virgin" materials usage showed a value of 8,20 $/t saving. This way for an asphalt mix integrating 20% RAP, the producers can obtain a 1,5 $/t saving [17] . Savings can result also from the usage of equipment for in situ road construction works using RAP, eliminating this way the costs associated with stockpiling, handling and inventorying RAP [11] . This might mean savings in fuel consumption and environmental benefits due to elimination of tailpipe emissions and reduction of "virgin" materials exploitation. The disadvantages of in situ construction works result from the fact that these equipments can be used on roads without major structural deficiencies and for projects with a constant asphalt mixture composition [8] . Table 8 shows the costs for a HMA produced using a traditional composition and one integrating RAP. The evaluation is based on the three asphalt layers mentioned above in the paper, BA 16, BAD 25, AB 2 [12] . 
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During the production process, to the costs obtained, a value resulted from the product transportation can be added, around 1 euro/km or 4,5 cents/ton x km or a negotiated fuel price of 1,06 euro/l [22]. • Energy use. Based on the available financial availabilities, on external investment opportunities, on technological developments, any company can reach the conclusion of integrating recyclability in its production process. LCC methodology can be extremely useful in finding the most profitable solution.
Conclusions:
LCA and LCC methodologies are very useful instruments to evaluate the sustainability of any company production process and to provide solution in this contect. Customized for the road construction sector this implies guiding towards selecting the materials with the lowest energy and water consumption, with minimal CO 2 e emissions during the product's life cycle, minimal costs and traffic disturbance. The integration of all these factors represents the criteria for selecting the most suitable pavement mixture for roads according to the approach of LCA methodology. The present paper was focused on providing a comparative overview on the environmental and economic impact of asphalt pavements that integrate RAP. The comparisons have been made between, different types of traditional mixtures, between traditional and recycled compositions and also between countries. Based on the analysis results, it can be concluded that the process of asphalt recycling has technical, economic and environmental benefits which refer to:
• asphalt mixtures with RAP produce the equivalent or improved performance compared with conventional asphalt mixes; • savings can result from transporting, stockpiling, processing, handling and inventorying RAP;
• it can be obtained important reductions of environmental impacts associated with mining, decreases the depletion of aggregate reserves; • energy savings result from the processing of less "virgin" materials, on-site recycling capabilities and reduced transportation of new materials to the site etc. Laboratory tests suggest that the use of higher percentages of RAP is feasible and that, under specific circumstances, the recycled mixes can perform as well as the traditional ones. Cost analysis suggests significant savings due to the use of RAP mixes, resulting from savings in materials and energy costs. Future analysis, based on LCA methodology, takes into consideration the possibility to extend the comparative analysis to other types of pavements such as flexible durable pavements as compared with classical ones. The general purpose would be to have an overview on the environmental and economic impact associated with as many asphalt pavements categories as possible and conclude on their viability from sustainability point of view.
